Tomato (Solanum lycopersicum) fruit cuticle has been extensively studied due to its effect on the biochemical and physiological properties of the fruit. To date, several tomato mutants defective in proper cuticle formation have been identified. To gain insight into tomato cuticle formation, we investigated one such mutant, sticky peel/light green (pe lg). We verified the responsible gene by fine mapping and obtained the same conclusion as a previous report. To elucidate the pleiotropic effects of cuticle deficiency caused by the cd2 mutation, CD2 suppression lines were constructed. As found in the pe lg mutant, the suppression lines showed enhanced water permeability and aberrant leaf and fruit cuticles. Water use efficiency of the suppression line was lower than that of the wild type. However, photosynthetic ability was not affected in the suppression line. Since these phenotypes are related to altered deposition of wax and cutin, other lipidic metabolites might be changed, too. To confirm this hypothesis, we conducted metabolite profiling. The metabolite profiling revealed that not only lipid but also sugar, flavonoid and glycoalkaloid metabolites in fruit were changed in the cd2 mutant. These results indicate that CD2 is essential both for normal cutin and wax deposition and for proper accumulation of specific metabolites in tomato fruit.
Introduction
The plant's surface is exposed to many environmental challenges, including biotic and abiotic stresses. Due to their sessile nature, plants have evolved robust mechanisms to withstand these stresses. As the first barrier to stressors, the plant surface is covered with a cuticle layer consisting of several kinds of lipids (Riederer 2007) , including wax and cutin. Cuticular wax is composed of very long-chain aliphatics (C >20), terpenoids, phenylpropanoids and flavonoids (Kunst and Samuels 2003) . The wax composition and amount differ among species and even among tissues in an organism (Jetter et al. 2001 , Samuels et al. 2008 . Cuticular wax is thought to be involved in disease/pest resistance and minimizing transpiration (Vogg et al. 2004 , Samuels et al. 2008 , Leide et al. 2011 . On the other hand, cutin is a polymer of oxygenated fatty acids that contains small amounts of glycerol and phenols (Heredia 2003 , Pollard et al. 2008 , Li and Beisson 2009 . Cutin polymers are thought to confer resistance to mechanical damage, disease and pests, and to affect non-stomatal gas/water exchange (Pollard et al. 2008) . Both wax and cutin are synthesized from fatty acids. The fatty acids are transported from the plastid to the endoplasmic reticulum, where they undergo modifications before being secreted from the cell Kunst 2008, Pollard et al. 2008) . The synthesized components of wax and cutin, including the free fatty acids, alcohols, esters, aldehydes, alkanes and ketones from a few types of fatty acids Samuels 2003, Panikashvili et al. 2007) , then traverse the thick cell wall of the epidermal cell, and are loaded onto the plant surface.
Mechanisms that regulate fatty acid flux in epidermal cells are not well understood (Samuels et al. 2008) .
In Arabidopsis, several cuticle-related mutants have been identified and characterized to date. Common features of these mutants include changes in the amount and composition of cutin/wax (Schnurr et al. 2004 , Li et al. 2007 , Samuels et al. 2008 , enhanced water permeability (Tanaka et al. 2004 ), postgenital organ fusion (Lolle et al. 1998 ) and altered disease resistance (Bessire et al. 2007 , Curvers et al. 2010 . Many of the genes affected in these mutants have been isolated (Yephremov and Schreiber 2005) . Although a variety of compounds are known to constitute wax, its composition and the underlying biosynthetic pathways have only been partially elucidated. On the other hand, genes involved in cutin biosynthesis and polymerization appear to encode Cyt P450 (Xiao et al. 2004 ), transcription factors ) and acyltransferases (Li et al. 2007 , Yeats et al. 2012 . Generally, cutin has fewer components than wax. However, the polymerization pattern of cutin is so complex that its structure remains to be clarified (Pollard et al. 2008) .
Tomato fruit has a thick cuticle with a readily observable structure. Furthermore, the fruit cuticle of tomato, which grows in proportion to fruit development, is robust enough to be enzymatically isolated and physically analyzed (Bargel and Neinhuis 2005) . Thus, tomato fruit is an excellent model for analyzing cuticle properties. To date, several mutants carrying defects in cuticle formation have been identified. Among the genes responsible for these mutants, sitiens (Curvers et al. 2010) and Cwp1 (Hovav et al. 2007 ), involved in ABA production and of unknown function, respectively, affect cuticle formation indirectly. On the other hand, CD1 (Yeats et al. 2012 ) and CD2 ) are directly involved in cuticle formation. The former encodes a cutin synthase, while the latter encodes a putative transcription factor. CD2 was previously mapped and appeared to exert pleiotropic effects on plant development, such as increased water loss and susceptibility to microbial infection, most probably due to cutin deficiency. However, there was no clear correlation between the amount of cutin and water loss in the cd2 mutant ). The cd2 mutation was reported to have pleiotropic effects in other species, too. The orthologs of CD2 in Arabidopsis and rice play important roles in anthocyanin accumulation and leaf rolling, respectively, suggesting that the function of CD2 diversified during plant evolution, but that this gene is still important for normal plant development (Kubo et al. 1999 , Kubo and Hayashi 2011 , Zou et al. 2011 .
We previously reported that the tomato variety KGM942, which carries both sticky peel (pe) and light green (lg) mutations, exhibits reduced cutin deposition and enhanced water permeability, and that pe and lg appear to be allelic (Kimbara et al. 2012) . In this study, we performed map-based cloning to confirm the previous finding that PE and LG are monogenic and allelic to CD2 (Nadakuduti et al. 2012) . We also created CD2 suppression lines and examined their morphological and biochemical features. We demonstrated that down-regulation of CD2 resulted in enhanced water permeability in the leaf and fruit, consistent with a previous report (Kimbara et al. 2012) . Dramatic alteration in cuticle components was observed in the cd2 mutant , Nadakuduti et al. 2012 , suggesting that other lipidic metabolites could be changed in the mutant. Thus, to explore the effect of the cd2 mutation on fruit development, we performed metabolite profiling analyses, and found that the cd2 mutation affects not only lipid, but also sugar, flavonoid and glycoalkaloid metabolites in fruit, whereas no other remarkable differences in other metabolites such as amino acids and other organic acids were found between the cd2 mutant and wild-type varieties. In addition to reinforcing previously reported results , Nadakuduti et al. 2012 ), our findings demonstrate that mutation of CD2 causes partial metabolite changes in tomato fruit.
Results
Fine mapping of PE LG revealed a frameshift mutation in CD2
In a classic report, the pe and lg mutations were suggested to segregate (Butler 1952) and PE was proposed to be located on the long arm of chromosome 1 (Kerr 1982) . In contrast, our previous results suggested that pe and lg of KGM942 are most probably allelic (Kimbara et al. 2012) . To confirm our previous findings, we generated an F 2 mapping population derived from a cross between KGM942 (pe/pe, lg/lg) and the wild-type variety Rejina (PE/PE, LG/LG). Among the 334 F 2 plants produced, 82 had a phenotype typical of the pe lg mutant, i.e. light green leaf color and thin fruit peel. We tested three markers located on the long arm of chromosome 1 using the F 2 population, which carried the pe lg mutation (Supplementary Table S1 ). Recombination rates of C2_At2g38730 (92.5 cM), C2_At3g04710 (95 cM) and SSR222 (97.5 cM) were 0.130, 0.154 and 0.154, respectively. Thus, we concluded that PE LG could be located on the centromeric side of C2_At2g38730 (92.5 cM).
For fine mapping of PE LG, we created an F 2 population derived from a cross between KGM942 and IL1-2, which carries the chromosomal segment of Solanum pennellii from the centromeric region to TG295 (92.7 cM) of chromosome 1. Among 1,600 F 2 plants, pe was certainly linked with lg, and 336 were selected based on the pe lg phenotype as described above. We tested 12 polymorphic markers between KGM942 and IL1-2 from 55 to 73 cM on chromosome 1 for all 336 individuals showing the pe lg phenotype (Supplementary Table S2 ). The solcap_snp_sl_100409, Solyc01g091500_1, C2_At3g61140 and Solyc01g091720_1 markers were perfectly linked with the pe lg phenotype. The narrowed down region in which these markers were located spanned 462.3 kb, and was mapped to the long arm of chromosome 1 ( Supplementary  Fig. S1 ). Based on the Solanaceae consortium database (SGN), this region contains 56 predicted open reading frames (ORFs), one of which is CD2, which is known to be involved in proper cuticle formation , Nadakuduti et al. 2012 . Given that cd2 has a cutin deficiency and altered water permeability, a phenotype that resembles that of KGM942 (pe lg), and that PE and LG may be allelic (Kimbara et al. 2012) , we hypothesized that PE and LG are allelic, and that CD2 is the gene altered in the pe lg mutation. To test these hypotheses, we determined the genomic sequence of CD2 in Rejina and KGM942 and found that there was a 1 bp insertion in the eighth exon only of KGM942 (Supplementary Table S1 ). This insertion causes a frameshift mutation that truncates the latter part of CD2, resulting in the production of a stop codon at the 662nd amino acid. Our result agreed with the previous finding that the pe phenotype was caused by the frameshift mutation of CD2 (Nadakuduti et al. 2012) .
If both the pe and lg phenotypes are indeed caused by a single mutation in CD2, we expected CD2 to be expressed in both the leaf and fruit, because the pe lg mutations caused morphological alterations in the vegetative and reproductive tissues. As we expected, CD2 mRNA was present in all tissues tested (Fig. 1) .
Together, these results suggest that the 1 bp insertion of CD2 is probably the cause of the pe lg phenotype.
Leaf cuticle was decreased and water permeability was enhanced in the CD2 suppression lines
To demonstrate that both the pale leaf color and the cutin deficiency in fruit and leaves were due to disruption of CD2, CD2 suppression lines were created using an antisense strategy. In total, 18 transgenic lines were created and the CD2 expression levels of transgenic plants in the T 0 generation were determined. As shown in Fig. 2a , CD2 expression was greatly suppressed in transgenic lines AS12, AS16, AS17 and AS38 (Fig. 2a) . Among these, three transgenic lines, AS16, AS17 and AS38, were selected for further analysis. The obtained CD2 suppression lines grew normally and, although several cuticle-related mutants are known to have reduced fertility (Aarts et al. 1995 , Millar et al. 1999 , Leide et al. 2011 , their fertility was not affected.
The young leaves of these suppression lines were pale green, consistent with the fact that KGM942 has pale green leaves (Kimbara et al. 2012; Fig. 2b) . To explore the molecular basis of this phenotype, we determined the Chl content of leaves derived from these plants. Whereas no significant difference in Chl a content was found between the suppression lines and the wild type, the Chl b content was significantly greater in the suppression lines than in the wild type ( Supplementary Fig. S2 ). These results are consistent with a previous report that pe lg mutations somewhat influence the Chl b content (Kimbara et al. 2012) . In contrast, no remarkable difference in leaf color was found in the old leaves of the wild type and the suppression lines (Fig. 2c) , suggesting that the leaf color phenotype was specific to the early stages of plant development.
Since cd2 and pe lg mutations are known to influence cuticle deposition, we next examined the leaf cuticle ultrastructure using transmission electron microscopy (TEM) (Fig. 3) . On the adaxial side, the innermost dense layer, the 'cuticle layer' in the suppression lines, was thinner than that in the wild type, though the translucent layer, the 'cuticle proper' in the suppression lines, was not affected (Fig. 3a-d) . In contrast, no remarkable difference was found in the structure and electron density of the cuticle proper and the cuticle layer between the suppression lines and wild type on the abaxial side ( Fig. 3e-h) .
To investigate whether a cuticle deficiency in the CD2 suppression lines influences water permeability, we measured the transpiration rate and performed toluidine blue (TB) staining. Prior to measuring transpiration rates, the leaves were treated with ABA to induce stomatal closure, and the rate of water loss was compared between the wild type and the suppression lines. Transpiration rates in the suppression lines were significantly higher than in the wild type, indicating that water loss from leaves was enhanced in the suppression lines (Fig. 4a) . In addition, the leaves of the suppression lines stained relatively strongly with TB, whereas those of the wild type did not stain at all (Fig. 4b) , indicating that externally applied water penetrated leaf tissues more efficiently in the suppression lines. Therefore, water permeability in the leaf cuticle was enhanced in the suppression lines. These results are consistent with those Fig. 1 CD2 expression in various tissues. cDNAs synthesized from total RNA were amplified using primer pairs specific for Actin and CD2. CD2 expression is presented relative to the amount of Actin RNA. Vertical bars indicate the SD (n = 3). Columns with different letters indicate significant differences (ANOVA and Tukey's test; P < 0.05).
of previous reports and reinforce the hypothesis that CD2 suppression promotes water permeability (Kimbara et al. 2012 , Nadakuduti et al. 2012 .
Water use efficiency is decreased in the suppression lines
The enhancement of water permeability in the suppression lines may affect the rates of photosynthesis and gas exchange.
Thus, the photosynthetic ability and water use efficiency were analyzed using the LI-6400XT Portable Photosynthesis and Fluorescence System. Interestingly, the photosynthetic rate at a photosynthetic photon flux density (PPFD) of 0-1,500 mmol m À2 s À1 was not significantly different between the suppression line and the wild type ( Fig. 5a ), indicating that photosynthetic ability was not affected in the suppression line. However, the transpiration rate of the suppression line was significantly higher at a PPFD of 100-1,500 (Fig. 5b) . Therefore, water use efficiency of the suppression lines in the same PPFD range was significantly decreased compared with that of the wild type (Fig. 5c ). This difference is not due to differences in stomatal density between the wild type and suppression line, because the stomatal density of the suppression line was significantly lower than that of the wild type ( Supplementary  Fig. S3 ).
The CD2 suppression lines have thinner fruit cuticles and enhanced water permeability in the fruit
The fruit of the suppression lines was more glossy and paler red (pink) than that of the wild type (Fig. 6a) . Moreover, the fruit cuticle was thinner in the suppression lines ( Fig. 6b-e) . The glossiness and thin cuticle of the suppression lines were consistent with the phenotypes of the cd2 and pe lg mutants , Kimbara et al. 2012 , Nadakuduti et al. 2012 . However, the pale red color of the CD2 suppression lines was unexpected, since neither cd2 nor pe lg had altered fruit color. It is possible that the intensity of fruit color is negatively correlated with the degree of CD2 inhibition.
In the leaf tissue, the cuticle deficiency caused by CD2 suppression resulted in enhanced water permeability. Thus, we evaluated the water permeability of the fruit in the suppression lines. Generally, the tomato fruit cuticle is much thicker than that of the leaf, and resists water loss through transpiration. In our results, the fruit cuticle of the suppression lines was actually thinner than that of the wild type ( Fig. 6b-e) . However, the transpiration rate of AS17 was not significantly different from that of the wild type throughout the experiment (Fig. 7a) . Moreover, another suppression line, AS16, did not show a significant increase in transpiration rate at the end of the experiment (Fig. 7a) . These results were different from those for leaves in that the corresponding suppression lines showed significantly higher water permeability than Micro-Tom.
Metabolite profiling analyses revealed altered composition of lipids, flavonoids, glycoalkaloids and sugars in the cd2 mutant
The composition and amount of lipidic cuticle components is known to differ in the cd2 mutant compared with the wild type , Kimbara et al. 2012 , Nadakuduti et al. 2012 in both vegetative and reproductive tissues (Nadakuduti et al. 2012) . Therefore, the levels of metabolites of an entire tissue type might be changed in the cd2 mutant. Thus, we subjected the pericarps of mature red fruits of the cd2 mutant (KGM942) and the three wild-type varieties, Ec-1, RC17 and K091, to metabolite profiling analyses of lipids, flavonoids, glycoalkaloids and other primary metabolites using gas chromatography coupled to time of flight mass spectrometry (GC-TOF-MS) and liquid chromatography coupled to quadrupole time of flight mass spectrometry (LC-q-TOF-MS). The physiological properties of the three wild-type varieties used here were previously analyzed (Kimbara et al. 2012) .
We performed principal component analysis (PCA) to visualize the distribution of samples in the first two components ( Supplementary Fig. S4 ). Samples of the cd2 mutant and those of the three wild-type varieties were separated along the first principal component (R 2 = 0.244). Along the second principal component (R 2 = 0.127), samples were grouped together with respect to the variety-dependent differences of the wild type. These results indicate that the mutation also influenced the metabolite composition of the cd2 mutant. The effect was large enough to distinguish the mutant from the wild-type varieties, and each wild-type variety had visual phenotypic differences in fruit and different genetic backgrounds (Kimbara et al. 2012) .
Among the lipid-related metabolites, the contents of all annotated fatty acids and acyl glycerols except for diacylglycerol (DAG) 34:3 and DAG 36:5 were not significantly different among the cd2 mutant and the three wild-type varieties (Table 1) . However, all glycolipids other than b-sitosteryl and sitosteryl glucoside were significantly higher in the cd2 mutant (Table 1) . Similarly, lyso phosphatidylcholine (PC) 16:0, phosphatidylethanolamine (PE) 34:2, PE 36:2, phosphatidylglycerol (PG) 34:2, phosphatidylinositol (PI) 34:2 and PI 34:3 in the phospholipid category were more abundant in the cd2 mutant. Next, we investigated changes of the levels of flavonoids and glycoalkaloids. Flavonoids and alkaloids were also more abundant in the cd2 mutant (Table 2) . Notably, significant increases in flavonoid glycosides and glycoalkaloids such as kaempferol-3-O-rutinoside, naringenin dihexose, quercetin-dihexose-deoxyhexose, rutin, tomatine and its derivatives and escleoside and its derivatives strongly suggest that sugar metabolism is most probaby altered in the cd2 mutant. Next, we investigated changes of the levels of sugar and its derivatives, such as sugar acid and sugar alcohol. The levels of N-acetylglucosamine, arabinose and xylose were abundant in the cd2 mutant (Table 3) . However, glucose, fructose and sucrose, which are major sugar components of tomato fruit, were not significantly different between the cd2 mutant and wild-type varieties ( Table 3) . On the other hand, we detected several significant differences in the abundance of sugar acids and sugar alcohols, including galacturonic acid, glucuronic acid-e-lactone, saccharic acid and galactinol, and glyceric acid and myo-inositol between the cd2 mutant and the wild-type varieties (Table 3) . Although we cannot conclude whether these metabolic changes are the direct effect of the cd2 mutation, this result may support the hypothesis that sugar metabolism is altered in the mutant.
We annotated two carotenoids: b-carotene and lycopene ( Table 4) . The lycopene content in the cd2 mutant was significantly higher than in the wild-type varieties. Although we did not analyze the carotenoid contents of the fruits in the suppression lines, this result implies that the carotenoid composition was also affected in the cd2 mutant. As described above, the fruit color of the pe lg mutant differed from that of the suppression lines. This might be due to differences in the extent of CD2 inhibition between the pe lg mutant and the suppression lines. Alternatively, this may be caused by differences in the genetic backgrounds of the tested lines. Thus, future studies should quantify fruit carotenoid accumulation in the cd2 mutant.
Other major fruit components, such as amino acids and other organic acids, did not differ significantly between the cd2 mutant and wild-type varieties (Supplementary Tables  S3, S4 ). Thus, changes in sugar and lipid metabolism are prominent in the cd2 mutant.
Discussion
The pleiotropic effects of CD2 suppression on vegetative and reproductive tissues
In this study, we mapped the gene underlying the pe lg phenotype. The mapped region fell within a 462.3 kb region of chromosome 1 (Supplementary Fig. S1 ). Since this region contains CD2, which is known to be involved in cuticle formation ), we determined the sequence of the coding region of CD2. As others have reported (Nadakuduti et al. 2012 ), we identified a 1 bp insertion in the coding region of CD2 in the pe lg mutant. Then, we generated CD2 All data were log2 transformed. Metabolites in bold are significantly different between the mutant variety KGM942 and the wild-type varieties, Ec-1, RC17 and K091. All comparisons among means (ANOVA and Tukey's test; P < 0.05, sample size n = 10) were used to determine differences between the cultivars. Different lower case letters in a column indicate significant differences. DAG, diacylglycerol; DGDG, digalactosyl diacyl glycerol; MGDG, monogalactosyl diacyl glycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol. TAG, triacylglycerol. All data were log2 transformed. Metabolites in bold are significantly different between the mutant variety KGM942 and the wild-type varieties, Ec-1, RC17 and K091. All comparisons among means (ANOVA and Tukey's test; P < 0.05, sample size n = 10) were used to determine differences between the cultivars. Different lower case letters in a column indicate significant differences. UGA, unidentified glycoalkaloid.
suppression lines to reproduce the pe lg phenotype in the wildtype background (Fig. 2) . The water permeability of the leaves and fruit was elevated in the CD2 suppression lines (Figs. 4, 7 ). An increase in water permeability was also previously reported in the fruit and leaves of the pe lg mutant , Kimbara et al. 2012 , Nadakuduti et al. 2012 . As the suppression lines had slightly fewer stomata than the wild type ( Supplementary Fig. S3 ), it is clear that cuticular transpiration is enhanced in these lines. Thus, water use efficiency was lower in the suppression lines, as in the pe lg mutant (Fig. 5c) . However, Chl a content and photosynthetic ability were not significantly different between the suppression lines and MicroTom ( Fig. 5a ; Supplementary Fig. S2 ), even though the suppression lines showed enhanced transpiration. The water All data were log2 transformed. Metabolites in bold are significantly different between the mutant variety KGM942 and the wild-type varieties, Ec-1, RC17 and K091. All comparisons among means (ANOVA and Tukey's test; P < 0.05, sample size n = 10) were used to determine differences between the cultivars. Different lower case letters in a column indicate significant differences. b-Carotene HPLC 0.16 ± 0.02b 0.18 ± 0.04b 0.13 ± 0.02a 0.11 ± 0.01a
The data were quantitative values (mg g À1 DW). The metabolite in bold is significantly different between the mutant variety KGM942 and the wildtype varieties, Ec-1, RC17 and K091. All comparisons among means (ANOVA and Tukey's test; P < 0.05, sample size n = 10) were used to determine differences between the cultivars. Different lower case letters in a column indicate significant differences.
supply to the roots may be sufficient to drive transpiration in the aerial parts, because of the limited leaf number of MicroTom (Fig. 2c) .
The young leaves of the suppression lines were light green (Fig. 2b) . This is consistent with the lg phenotype, which is possibly due to a lack of anthocyanin (Nadakuduti et al. 2012) . As reported in a previous study (Kimbara et al. 2012 ), a thin, pale cuticle layer on the adaxial side was observed in the suppression lines (Fig. 3) , suggesting that CD2 suppression affects proper cuticle formation in the leaf. We currently cannot explain why the cuticle of the abaxial side is not altered in the suppression lines. Further studies are needed to clarify the differences in leaf cuticle structure and composition between the adaxial and abaxial leaf surfaces of the suppression lines. Additionally, mutation or suppression of CD2 resulted in enhanced external water penetration into the fruit ( Fig. 7b ; Kimbara et al. 2012) , while the rate of internal water transpiration is probably not as great as that of external water penetration (Fig. 7a) . These results imply that the water permeability resulting from CD2 inhibition may vary in different tissues. Future studies are required to clarify the effect of CD2 on the structural and physiological properties of the cuticle and to establish its role during cuticle formation.
Mutation of CD2 might partially alter fruit metabolite levels
Histological and physiological observations revealed that drastic alterations occur in the cuticle of the cd2 mutant. Previous studies showed that the amount and composition of cutin and wax are greatly and slightly altered, respectively, in the cd2 mutant , Nadakuduti et al. 2012 . This suggests that the levels of other lipidic metabolites may also be altered in the mutant. To test this possibility, we performed metabolite profiling analyses on three wild-type varieties and the cd2 mutant. We observed notable differences, particularly in lipid-and sugar-related metabolites, between the wild type and the cd2 mutant.
Increases in most galactolipids (Table 1) indicate that lipid metabolic pathways in the cd2 mutant might be affected by the thinner cuticle, as lipidic compounds are loaded into this structure. Consistent with this hypothesis, increases in some phospholipids were observed (Table 1) . Alternatively, these increases in galactolipids could be caused by changes in sugar metabolism. In accordance with this idea, sugar and the sugarrelated metabolites, arabinose, xylose, glucuronic acid-e-lactone, saccharic acid, galactinol, and galacturonic acid, which is a major component of pectin, are more abundant in cd2, suggesting that sugar-related metabolic pathways may also be affected in this mutant (Table 3) . Stakhova et al. (2001) pointed out that an increased concentration of quercetin affected the amount and composition of sugars in tomato fruits, indicating that increases in several flavonoids in the cd2 mutant may alter some sugar components. However, this seems unlikely, because the major sugar components of tomato fruit, such as glucose, fructose and their derivatives, are not significantly different between the wild-type varieties and the cd2 mutant ( Table 3) .
As described above, flavonoids, such as kaempferol-3-O-rutinoside, naringenin dihexose, quercetin-dihexose-deoxyhexose and rutin, are more abundant in the mutant ( Table 2) . This may be attributed to a change in lipid metabolites of the mutant, because flavonoids are synthesized from malonylCoA, which is a precursor of fatty acids. Furthermore, differences in the cuticle structure itself may affect flavonoid composition. Compared with wild-type varieties, the concentration of kaempferol-3-O-rutinoside, naringenin dihexose, quercetindihexose-deoxyhexose and rutin, which are downstream metabolites in the flavonoid biosynthetic pathways (Slimestad et al. 2009 ), were dramatically increased in the mutant ( Table 2) . Generally, the main flavonoid in tomato peel is naringenin chalcone, while the tomato pericarp contains a limited amount of rutin (Muir et al. 2001 , Verhoeyen et al. 2002 . However, the naringenin content in the peel of the pe lg mutant is lower than that of wild-type varieties (Kimbara et al. 2012) . It is possible that the mutant peel is too thin to accumulate sufficient amounts of naringenin chalcone, which promotes the synthesis of downstream metabolites in the flavonoid/flavonol pathways. Alternatively, the cd2 mutation might alter gene expression to promote flavonoid biosynthesis. In support of this latter hypothesis, CD2 is a transcription factor and ANL2, which is an ortholog of CD2, affects anthocyanin accumulation in the leaf (Kubo et al. 1999) . Further studies are needed to determine when and where flavonoids accumulate in the mutant fruit.
Glycoalkaloids such as tomatine and escleoside are abundant in the mutant ( Table 2 ). Similar to several flavonoid compounds, glycoalkaloids are also glycosylated, suggesting that changes in sugar metabolism may underlie the mutant phenotype. However, we do not know why glycoalkaloid accumulates in the mutant. A recent study established that glycoalkaloids preferentially accumulate in the peel of tomato (Mintz-Oron et al. 2008) . Thus, the increase in glycoalkaloid content may reflect structural changes in the mutant cuticle.
In this study, we have revealed that mutation or reduction of CD2 has pleiotropic effects. Consistent with previous reports , Kimbara et al. 2012 , Nadakuduti et al. 2012 , an abnormal cuticle in the mutant causes physiological alterations in both the vegetative and reproductive tissues. In addition, metabolite profiling suggests that lipid and sugar pathways might be altered in the cd2 mutant. Further studies should clarify the relationship between a thinner cuticle and metabolite changes detected in the fruit.
Materials and Methods

Plant materials
To identify the locus underlying the pe lg mutation, F 2 mapping populations were created between Solanum lycopersicum cv. KGM942 carrying the pe lg mutations (pe/pe, lg/lg) and a wild-type variety Rejina (PE/PE, LG/LG; Sakata Seeds), and an introgression line IL1-2, which carries the chromosomal segment of S. pennellii from the centromeric region to TG295 (92.7 cM) of chromosome 1. IL1-2 was obtained from the University of Tsukuba, Gene Research Center, through the National Bio-Resource Project (NBRP) of the Ministry of Education, Culture, Sports, Science and Technology in Japan (MEXT), Japan. For metabolomic analysis, we used KGM942 and three other wild-type breeding lines (Ec-1, RC17 and K091). The physiological characteristics of these three varieties have previously been shown to be similar (Kimbara et al. 2012) .
Fine mapping of the PE LG gene
A previous report showed that PE LG is located on chromosome 1 (Kerr 1982) . To map the location of the PE LG gene, 334 F 2 plants derived from a cross between KGM942 and Rejina were genotyped with three markers (C2_At2g38730, C2_At3g04710 and SSR222) on chromosome 1 (Supplementary Table S1 ). For fine mapping of PE LG, 336 F 2 plants derived from a cross between KGM942 and IL1-2 were genotyped for 12 markers around the introgression of chromosome 1. All markers used in the fine mapping are described in Supplementary Table S2 .
Vector construction for down-regulation of CD2
To create an antisense construct targeted for CD2 suppression, a cDNA clone (LEFL2020A13, obtained from NBRP) was used to amplify the full-length coding region of CD2 using two genespecific primers, CD2AS-F, 5 0 -TTTGAGCTCATGAATTTTGGG GGTTTTCT-3 0 and CD2AS-R, 5 0 -TTTGGATCCTTAGCTTTCG CATTGAAGTG-3 0 . The amplified fragment was digested with BamHI and SacI, and the resulting fragment was purified using MiniElute (QIAGEN). The pBI121 binary vector was also digested with BamHI and SacI, and dephosphorylated with Antarctic Phosphatase (New England BioLabs). The treated vector was purified using the QIAEXII Gel Extraction Kit (QIAGEN). The purified PCR fragment was ligated into dephosphorylated pBI121 vector using a DNA Ligation Kit LONG (TAKARA BIO INC.), and the resulting construct was designated pBI-CD2-AS.
The pBI-CD2-AS construct was then transformed into Agrobacterium tumefaciens GV2205 by the freeze-thaw method (An et al. 1988) . The construct was expressed in Micro-Tom by Agrobacterium-mediated transformation (Sun et al. 2006 ). The transgenic plants were selected on Murashige and Skoog (MS) agar medium containing 100 mg l À1 kanamycin. Diploid transgenic lines were selected using a cytofluorometer, and T 0 or T 1 generations were used for further studies.
Gene expression analysis
CD2 expression was analyzed by reverse transcription-PCR (RT-PCR) using total RNA extracted from the roots, leaves, flowers, green fruits and red fruits using the RNeasy Plant Mini Kit (QIAGEN). cDNA was synthesized from 1 mg of total RNA using the ReverTra Ace qPCR RT Kit (TOYOBO). The RT-PCR experiment was performed using KOD FX with the following conditions: 2 min of denaturation at 94 C, followed by 30 cycles of 10 s of denaturation at 98 C, 30 s of annealing at 59 C and 1 min of extension at 68 C. As a control, ACTIN was amplified using the gene-specific primers Tom52F2, 5 0 -CCTAG TATTGTGGGACGTCC-3 0 and Tom52R, 5 0 -TAGATCCTCCGAT CCAGACA-3 0 . The following primers were used to amplify CD2 mRNA: CD2_1928F, 5 0 -TCTGGGCTGTCGTTGATGTA-3 0 and CD2_4775R, 5 0 -CCATTACATGAAGGCCCATT-3 0 . To determine the level of CD2 suppression in transgenic lines, the gene-specific primers CD2-106F, 5
0 -GGATTCGTCCTTGTGTC TCCTCTACCTCTC-3 0 and CD2_743R, 5 0 -CCTTCATCTGAGTT CTACGATTTTG-3 0 were used. The levels of mRNA accumulation were semi-quantified by measuring the corresponding electrogram peaks using the QIAXcel system (QIAGEN).
Measurement of Chl contents
Chl content was measured as described by Porra et al. (1989) . 
Evaluation of water permeability of leaves
To evaluate the water permeability of leaves, the transpiration rate was measured (Kimbara et al. 2012 ) and the TB test was performed. Prior to sampling, the plants were treated with 500 mg l À1 ABA to ensure stomatal closure. Five mature leaves were collected and incubated in constant darkness at 25 C. The fresh weights of the leaves were measured after 0, 1, 2 and 3 h of incubation. The TB test was conducted as described by Tanaka et al. (2004) . Briefly, the leaves were immersed in 0.05% TB solution for 1 h. Because tomato leaves are highly hydrophobic, 0.05% NP-40 was added to the TB solution.
Evaluation of water permeability of fruits
The water permeability of the fruits was evaluated based on the transpiration rate and the results of the TB test. To determine the transpiration rate, the fresh weight of the fruit was measured at 0, 1, 2, 3 and 4 d after incubation at 40 C. The TB test was conducted using mature green fruits. The fruits were immersed in 0.05% TB solution with 0.05% NP-40 for 1 h.
Histological observations
The cuticle layer of fruits was observed after the surface lipids were stained with Sudan IV, as described by Buda et al. (2009) . TEM was conducted as described previously (Kimbara et al. 2012 ).
Photosynthetic rate measurement
The youngest fully expanded leaf was used to measure the photosynthetic rate using an open gas exchange system Inc.) . The net photosynthetic rate (A), stomatal conductance (g s ) and transpiration rate (E) were measured between 09:00 h and 12:00 h at 0, 50, 100, 200, 500, 1,000 and 1,500 mmol m À2 s À1 PPFD. During the measurements, the relative humidity was maintained at 70%, the CO 2 concentration at 350 p.p.m. and leaf temperature at 28 ± 0.5 C in the leaf chamber. Water use efficiency was calculated as A/E, where A represents the photosynthesis rate and E represents the transpiration rate. T 1 lines of AS38 were used as a suppression line.
Measurement of stomatal density
Mature leaves were observed under a scanning electron microscope (300X, TM-1000, Hitachi High-technologies) without fixation and coating, according to the manufacturer's protocols. Images of 0.36 mm 2 leaf areas were taken from five distinct leaves from both the adaxial and abaxial surfaces of MicroTom and AS38.
Metabolite profiling
Meta data from metabolomics studies, formatted according to the guidelines of The Metabolomics Standards Initiative, are given in Supplementary text S1.
Statistical analyses
All comparisons among means [analysis of variance (ANOVA) and Tukey's test; P < 0.05] were used to determine statistically significant differences between the samples. Data are presented as means and SD with a level of significance of 5% (P = 0.05).
Supplementary data
Supplementary data are available at PCP online. 
